INTRODUCTION
============

We are now facing a worldwide epidemic of obesity, a major risk factor in the development of common diseases such as diabetes mellitus, dyslipidemias, fatty liver, hypertension, and arteriosclerosis. Obesity is the state of excessive accumulation of triglyceride in adipose tissues because of a prolonged positive energy balance. In mammals, there are two types of adipose tissue, white and brown adipose tissues (BAT). The two tissues are similar in their major population of adipocyte having intracellular lipid droplets, but are quite different in the physiological functions. White adipose tissue (WAT) is the primary site of energy storage, while BAT is specialized for energy expenditure. In small rodents, BAT is recognized as the major site of sympathetically activated nonshivering thermogenesis during cold exposure and after spontaneous hyperphagia, thereby controling whole-body energy expenditure and body fat \[[@B1],[@B2]\]. In adult humans, BAT has long been believed to be absent or negligible, but recent studies using fluorodeoxyglucose (FDG)-positron emission tomography (PET), in combination with computed tomography (CT), demonstrated the existence of metabolically active BAT in adult humans \[[@B3]\]. This review summarizes recent knowledge on human BAT, with special reference to its thermogenic and antiobesity activities.

MECHANISM OF BAT THERMOGENESIS
==============================

The structure of adipocytes in WAT is characterized by a single large lipid droplet and a small number of mitochondria, while adipocytes in BAT contain numerous small lipid droplets surrounded by a large number of mitochondria. In BAT mitochondria, there is a unique uncoupling protein 1 (UCP1) in the inner membrane \[[@B4]\]. As UCP1 is expressed selectively in BAT, but not in other tissues including WAT, it is recognized as a specific molecular marker of brown adipocyte. UCP1 acts to uncouple oxidative phosphorylation from ATP synthesis, thereby dissipating energy as heat. BAT thermogenesis is directly regulated by sympathetic nerves distributed abundantly to this tissue ([Fig. 1](#F1){ref-type="fig"}). The cellular events associated with sympathetic activation of BAT thermogenesis are the binding of norepinephrine released from sympathetic nerve terminals to b-adrenergic receptors, the activation of adenylate cyclase and hormone-sensitive lipase, which hydrolyzes intracellular triglyceride. The released fatty acids activate UCP1 and are oxidized in mitochondria to serve as an energy source of thermogenesis.

Thus, the principal substrate for BAT thermogenesis is fatty acids from triglyceride in this tissue and also from circulating free fatty acids and lipoproteins. Sympathetic activation also results in an increased fat mobilization in WAT, and released fatty acids are used in BAT as well as muscle tissues. Together with fatty acids, glucose is also an important fuel in BAT, probably not as a direct substrate for thermogenesis but as a carbon source for fatty acid synthesis and rapid oxidation of fatty acids. Moreover, as UCP1, because of its uncoupling activity, decreases the cellular energy charge, glucose is indispensable for rapid recovery of cellular ATP levels by activation of anaerobic glycolysis \[[@B5],[@B6]\].

BAT IN HUMANS: EVALUATION BY FDG-PET/CT
=======================================

Most information about BAT has come from experimental studies in small rodents. In humans, significant amounts of BAT are present in newborns and may contribute to body temperature regulation during the neonatal period, probably in the same way as in small rodents. However, BAT seems to disappear rapidly during postnatal periods and in adults is rather difficult to identify by conventional anatomical and histological examinations \[[@B7]\]. Thus, it has been a general contention that BAT is absent or of minute amounts and plays negligible, if any, roles in adult humans \[[@B8],[@B9]\]. The existence of metabolically active BAT in adult humans has been suggested by the clinical studies using FDG-PET, one of the powerful diagnostic tools for malignant tumors: that is, PET sometimes detects symmetrical FDG uptake in the shoulder and thoracic spine regions, where no tumor is present. By simultaneous examinations with PET and X-ray CT, the site of the FDG uptake was identified as adipose tissue, named as \"USA-fat\" \[[@B10]\]. Such FDG uptake is increased at lower environmental temperatures \[[@B10],[@B11]\], and reduced by pretreatment with b-adrenergic blockers \[[@B12],[@B13]\]. Animal studies demonstrated that β-adrenergically stimulated 2-deoxyglucose uptake into BAT is totally dependent on the activation of UCP1 \[[@B6]\]. These findings collectively suggest that the FDG uptake in adipose tissue at the specific regions reflects the metabolic activity of BAT.

The presence of BAT in adult humans was confirmed by the experimental FDG-PET/CT studies for healthy volunteers \[[@B14]-[@B17]\]. For example, when exposed to cold (19℃) with light clothing for 2 hours, some participants show a substantial FDG uptake into adipose tissue in the supraclavicular and paraspinal regions ([Fig. 2](#F2){ref-type="fig"}), whereas they showed no detectable uptake when kept warm (27℃). Histological examinations revealed the presence of UCP-1 positive brown adipocytes in these regions. Our study for 213 healthy participants aged 20 to 73 years revealed that the prevalence of cold-activated BAT was more than 50% in young subjects of the twenties, decreased with age, and in less than 10% of the fifties and sixties \[[@B18]\]. It is to be noted that BAT can be well identified by FDG-PET/CT only when exposed to acute cold in winter \[[@B15]\]. This may be a reason of the low (\<10%) prevalence of BAT in clinical studies \[[@B19]-[@B23]\], in which FDG-PET/CT is carried out at warm conditions at around 24℃ with normal clothing.

BAT AS A SITE OF ADAPTIVE THERMOGENESIS
=======================================

It has been established in small rodents that BAT is the major site for adaptive nonshievering thermogenesis, a physiological process during which heat production increases in response to environmental changes. One of the typical examples is cold-induced thermogenesis. When mammals are exposed to cold, they maintain body temperature autonomically not only by decreasing heat loss from body surface but also by increasing heat production. At least two mechanisms contribute to cold-induced thermogenesis, shivering of skeletal muscle and activation of BAT. The critical role of BAT for cold-induced thermogenesis was clearly confirmed by a finding that mice lacking UCP1 is unable to maintain body temperature under a cold environment and die in hours \[[@B24]\].

In humans, the fact that the metabolic activity of BAT is increased after cold exposure suggests a contribution of BAT to cold-induced thermogenesis. In fact, we \[[@B25]\] and Orava et al. \[[@B26]\], by measuring whole-body energy expenditure in participants showing detectable cold-activated FDG uptake (BAT-positive group) and also those showing undetectable uptake (BAT-negative group), demonstrated that energy expenditure after acute cold exposure was higher in the BAT-positive than -negative group, while the basal energy expenditure at warm conditions was almost comparable in the two groups. A positive correlation was found between the cold-induced rise in energy expenditure and the BAT activity quantified from FDG uptake \[[@B25]\]. These findings clearly indicate a significant role of BAT for cold-induced thermogenesis in humans. Moreover, we \[[@B25]\] found that the response of the skin temperature to cold exposure was different between the BAT-positive and -negative groups; that is, the cold-induced temperature drop in the skin region close to BAT deposits is smaller in the BAT-positive group, while no significant difference in other skin regions apart from BAT deposits. These results indicate that BAT thermogenesis is actually activated during cold exposure and probably contributes to body temperature regulation.

Another example of adaptive thermogenesis is diet-induced thermogenesis, an increase in energy expenditure seen after food intake, which is sometimes called as \"postprandial thermogenesis\" or \"thermic effect of food.\" Since the first report of BAT hyperplasia in small rodents kept on prolonged overfeeding on highly palatable cafeteria-diets \[[@B27]\], BAT has been proposed as a site of diet-induced thermogenesis \[[@B1]\]. It is well known that a change in energy intake results in an adaptive change in energy expenditure so that body energy content is kept at steady levels. In support of this, it has repeatedly been reported that BAT mass and/or UCP1 expression are decreased in animals deprived from food but increased in those fed on high fat diets \[[@B2]\]. However, it is to be noted that the effects of chronic hyperphagia may not be equal to the cumulative effects of single ingestions of food. To our knowledge, there has been no report showing direct evidence for the involvement of BAT in diet-induced thermogenesis in small rodents \[[@B28]\]. In humans, however, BAT may contribute, at least in part, to diet-induced thermogenesis, because whole-body energy expenditure increased after an oral ingestion of food more in BAT-positive than -negative participants, particularly during the initial period of 1 hour (Aita et al., unpublished observations).

Thus, it seems likely that human BAT is involved in adaptive thermogenesis, thereby regulating whole-body energy expenditure. This is supported by some previous studies examining the effects of UCP1 gene polymorphism. In the human UCP1 gene, there is a single nucleotide substitution at -3826A to G \[[@B29]\], which lowers UCP1 mRNA expression \[[@B30],[@B31]\], accelerates the age-related reduction of BAT prevalence \[[@B18],[@B32]\], and attenuates cold- and diet-induced thermogenesis \[[@B33],[@B34]\].

CONTRIBUTION OF BAT TO THE REGULATION OF BODY FAT CONTENT
=========================================================

Consistent with the significant role of BAT in short-term regulation of energy expenditure, there have been piles of evidence for BAT as a long-term regulator of energy balance and body fat content: that is, for examples, almost all obese model animals express lower levels of UCP1 in BAT, while mice over-expressing UCP1 are leaner, and prolonged cold exposure and/or b3-adrenoceptor agonist treatment result in a reduction of body fat associated with BAT hyperplasia \[[@B1],[@B2]\]. Enerback et al. \[[@B24]\] first reported that mice lacking UCP1 are cold-sensitive but not obese. This paradoxical finding was re-examined by Kontani et al. \[[@B35]\], who demonstrated that these mice get obese when they are kept on a high-fat diet for more than half a year. Feldmann et al. \[[@B36]\] also reported that mice lacking UCP1 are susceptible to diet-induced obesity when they are maintained at thermoneutral temperatures (\~29℃), but not at conventional animal room temperatures (18℃ to 22℃). Thus, the preventive effect of UCP1 against obesity is actualized only when animals need not to increase cold-induced thermogenesis, indicating some interactive effects of cold and food on BAT and whole-body energy expenditure.

In humans, both clinical and experimental studies have consistently shown significant inverse relationships between the activity/prevalence of BAT and adiposity-related parameters such as body mass index (BMI), body fat content, and visceral fat accumulation. Retrospective readings of FDG-PET/CT in thousands of patients have revealed that BAT prevalence is lower in patients with higher BMI \[[@B19],[@B21],[@B22]\]. Prospective studies in healthy participants also demonstrated that the prevalence and activity of cold-activated BAT deceased with increasing adiposity \[[@B15],[@B16]\]. The apparent association between BAT prevalence and adiposity, however, is to be carefully evaluated, because these are considerably influenced by age. In fact, the mean age is lower in the BAT-positive participant group than the BAT-negative group. More detailed analysis revealed that the prevalence of cold-activated BAT is more than 50% in young subjects of the twenties, decreased with age, and in less than 10% of the fifties and sixties \[[@B18]\]. A strong impact of age on BAT prevalence has also been reported in various clinical studies \[[@B19],[@B21],[@B22]\]. On the other hand, it is well known that the aging process produces notable changes in body composition: that is, in general, percent body fat increases while lean mass and bone mineral density decreases \[[@B37]\]. Thus, it seems likely that age-related accumulation of body fat is associated with decreased BAT activity ([Fig. 3](#F3){ref-type="fig"}). This is supported by the findings that the adiposity-related parameters increased with age in the BAT-negative group, while they remained unchanged from the twenties to forties in the BAT-positive group \[[@B18]\].

ACTIVATION AND RECRUITMENT OF BAT AS AN ANTIOBESITY REGIMEN
===========================================================

The finding that BAT is protective against body fat accumulation has encouraged the search how to activate or recruit BAT ([Fig. 3](#F3){ref-type="fig"}). This is particularly intriguing because people with lower or undetectable BAT activities are more obese and to be treated. As noted previously, cold seems the most physiological and powerful stimulus for activation of BAT. Mice exposed to cold at 4℃, for example, show a substantial increase in sympathetic nerve activity in BAT, followed by the serial activation of the intracellular events shown in [Fig. 1](#F1){ref-type="fig"}. Furthermore, prolonged cold exposure elicits an increased UCP1 expression, mitochondriogenesis, and proliferation and differentiation of brown adipocyte, all of which result in BAT hyperplasia and an increased thermogenic capacity \[[@B1]\]. Particularly interesting is that chronic sympathetic activation produces not only BAT hyperplasia but also a remarkable induction of UCP1-positive brown-like adipocytes in white fat pads, called as \"beige or brite\" cells \[[@B38]-[@B40]\]. These beige cells belong to a cell lineage different from \"classical\" brown adipocytes, but also contribute to adaptive thermogenesis and body fat reduction \[[@B41]-[@B43]\]. Very recently, Wu et al. \[[@B44]\] identified some genes expressed selectively in mouse beige cells and found their high levels of expression in human supraclavicular fat deposits identified as BAT by FDG-PET/CT. Lee et al. \[[@B45]\] reported that preadipocytes isolated from human supravicular fat were capable of differentiating into UCP1-positive adipocytes *in vitro*, regardless of FDG-PET status. Moreover, we found that BAT activity in humans is remarkably increased during winter in individuals who showed undetectable activities in summer \[[@B22]\]. All these data suggest that human BAT identified by FDG-PET/CT is largely composed of beige cells and is inducible in response to appropriate sympathetic stimulation. In fact, when our participants with undetectable or low BAT activity were kept in a cold environment at 15℃ to 17℃ for 2 hours every day for 6 weeks, their BAT activity was significantly increased (Yoneshiro et al., unpublished data). More importantly, the change in BAT activity was negatively correlated with those in body fat content. These results indicate that human BAT can be induced and/or recruited, and is involved in reducing body fat.

Although daily cold exposure can recruit human BAT, it would seem difficult to increase exposure to cold in daily life. It is now well established that cold stimulus is received by transient receptor potential channels (TRP) ([Fig. 1](#F1){ref-type="fig"}). Among the members of the TRP family, TRPM8 and TRPA1 are the most likely receptor candidates sensitive to low temperatures \[[@B46]\]. The mean activation temperatures of TRPA1 and TRPM8 are around 20℃, being comparable with those applied in human studies to activate BAT. Accordingly, chemical activation of these receptors would mimic the effects of cold exposure. Actually, there are various ingredients in food acting as agonists for these TRPs \[[@B46]\], a representative of which is menthol, a cooling and flavor compound in mint, acting on TRPM8. TRPA1 is activated by allyl- and benzyl-isothiocyanates, pungent elements in mustard and Wasabi (Japanese horseradish). Among the TRP agonists, the most extensively studied is capsaicin, a pungent principle of chili pepper, which is a potent agonist for TRPV1. There have been many animal studies demonstrating that capsaicin and its nonpungent analogs (capsinoids) increase BAT thermogenesis through the activation of TRPV1 and the sympathetic nervous system, and decrease body fat. Recent human studies have also confirmed similar thermogenic and antiobesity effects of capsinoids \[[@B47]-[@B49]\]. Thus, capsaicin/capsinoids as well as other food ingredients activating TRPs are promising as an antiobesity regimen easily applicable in daily life.

CONCLUSIONS
===========

In addition to the regulatory roles of BAT in energy expenditure and body fat content, BAT may be relevant to some metabolic disorders. It has repeatedly been reported that cold acclimated animals show improved insulin sensitivity and enhanced glucose utilization in various peripheral tissues including BAT \[[@B50]-[@B53]\]. Bartelt et al. \[[@B54]\] visualized the in vivo processing of lipoproteins and demonstrated a regulatory role of BAT in plasma triglyceride metabolism in hyperlipidemia and obesity. Moreover, Nishio et al. \[[@B55]\] reported augmented glucose and lipid tolerance in mice transplanted with functional brown adipocytes developed from human pluripotent stem cells. These findings, together with a report that the prevalence and activity of BAT is decreased in diabetic patients \[[@B22]\], suggest that BAT may be involved in the etiology of diabetes mellitus and dyslipidemias, independently of and/or secondly to obesity. Thus, BAT may be an intriguing target for combating not only obesity but also some related diseases.
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![Sympathetically activated thermogenesis in brown adipose tissue, lipid mobilization from white adipose tissue, and induction of beige cells. Sympathetic nerve activity in adipose tissues is increased in response to cold exposure and oral ingestion of some food ingredients through the activation of transient receptor potential channels (TRP). Noradrenaline binds to β-adrenergic receptors (βAR) and initiates signaling cascades for triglyceride (TG) hydrolysis. The released fatty acids activate uncoupling protein 1 (UCP1) and are oxidized to serve as an energy source of thermogenesis. Activated UCP1 uncouples oxidative phosphorylation from ATP synthesis and dissipates energy as heat. Chronic sympathetic activation produces not only brown fat hyperplasia but also an induction of beige cells in white fat, thereby increasing whole-body energy expenditure and decreasing body fat.](dmj-37-22-g001){#F1}

![Human brown adipose tissue detected by fluorodeoxyglucose (FDG)-positron emission tomography (PET). FDG uptake into adipose tissue at the supraclavicular and paraspinal regions is detected by PET. The FDG uptake into adipose tissues is negligible under a warm condition at 27℃ (A), but increases greatly after exposure to cold at 19℃ (B) for 2 hours.](dmj-37-22-g002){#F2}

![Age-related decrease in brown adipose tissue (BAT) and accumulation of body fat. The activity and prevalence of BAT decrease and body fat increases with age, suggesting the activation and recruitment of BAT as an effective regimen to prevent the age-related development of obesity.](dmj-37-22-g003){#F3}
